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Electrical contacts between nano-engineered systems are expected to constitute the basic building 
blocks of future nano-scale electronics. However, the accurate characterization and understanding 
of electrical contacts at the nano-scale is an experimentally challenging task. Here we employ 
low-temperature scanning tunneling spectroscopy to investigate the conductance of individual nano- 
contacts formed between flat Pb islands and their supporting substrates. We observe a suppression of 
the differential tunnel conductance at small bias voltages due to dynamical Coulomb blockade effects. 
The differential conductance spectra allow us to determine the capacitances and resistances of the 
electrical contacts which depend systematically on the island-substrate contact area. Calculations 
based on the theory of environmentally assisted tunneling agree well with the measurements. 



PACS numbers: 73.63.-b, 73.40.-c, 73.23.Hk, 73.40.Jn 

Introduction. — The detailed understanding and pre- 
cise engineering of electrical contacts between nano-sized 
metallic objects and their supporting substrates are not 
only of fundamental interest; they are also of crucial im- 
portance for the development of future electronics. As 
the nano-scale is approached, localization of charges in 
small regions of a device plays an increasingly impor- 
tant role and charging effects start to dominate the elec- 
tron transport. Size reduction may for example lead to a 
change of the magnetic [T or superconducting [2^ prop- 
erties of a sub-micron contact. Investigations of electri- 
cal contacts in nano-scale systems are thus called for to 
help predict, design, and understand the functionality 
of nano-devices and thereby facilitate further progress in 
the fabrication of nano-scale electrical circuits [31 [4] . 

One prominent charging mechanism is the dynamical 
Coulomb blockade (DCB) effect by which single electrons 
tunneling through a barrier exchange energy with the 
electromagnetic environment. These inelastic processes 
leave clear fingerprints in the current-voltage character- 
istics of a device and contain detailed information about 
the impedance of the electrical circuit in which the tunnel 
barrier is embedded. The DCB effect was discussed the- 
oretically in seminal works by Devoret et al. [5 , Girvin 
et al. |6| , and Ingold and Nazarov ^ . Experimentally, it 
was observed in systems that were carefully engineered 
in order to obtain a high-impedance environment close 
to the tunnel barrier [8HT5]. The DCB effect, however, 
is not just an interesting physical phenomenon, it also 
leads to practical applications as we demonstrate below. 

In this Letter we make use of DCB as a means to 
probe and characterize the electrical contact between 
fiat metallic nano-scale islands and their supporting sub- 
strates. We employ low-temperature scanning tunneling 



spectroscopy to measure the electrical conductance of in- 
dividual Pb islands on metallic, semimetallic, semicon- 
ducting, and partially insulating substrates. At low volt- 
ages we observe a suppression of the differential tunnel 
conductance due to DCB. Importantly, the tunnel cur- 
rent between the scanning tunneling microscope (STM) 
and the flat islands is highly sensitive to the impedance 
of the electrical contact between the island and the sup- 
porting substrate. This in turn allows us to investigate 
the nano-sized electrical contacts, employing the theory 
of DCB, and thereby extract the resistances and capac- 
itances of the island-substrate contacts from the mea- 
sured differential conductance spectra. 

Experiment. — Figure [l] shows STM images of Pb(lll) 
islands grown on substrates of Cu(lll), Si(lll)-7x7, 
highly oriented pyrolytic graphite (HOPG), hexagonal 
(h-)BN/Ni(lll), and NaCl/Ag(lll). The island areas 
range from 10 nm^ to 10^ nm^ with island heights be- 
tween 2 and 60 monolayers (ML). The substrate crystals 
were prepared according to standard procedures: The 
h-BN ML was epitaxially grown on Ni(lll) [16]. The 
Si(lll) crystal was heavily n-doped and prepared to form 
a Si(lll)-7x7 reconstruction. NaCl was thermally evap- 
orated onto Ag(lll) at substrate temperatures between 
300 K and 500 K [17]. The fiat islands were grown by 
evaporation of Pb from a W filament onto the substrates 
whose temperatures were stabilized between 130 K and 
300 K to control the island sizes. We chose Pb as a typ- 
ical metallic material because of the well-known growth 
of Pb films or islands on Si(lll) [I8l[l9], Cu(lll) [20], 
and HOPG [21]. On HOPG, h-BN/Ni(lll), and NaCl 
islands grow directly on top of the substrates, whereas 
on Si(lll) and Cu(lll) a 1 ML wetting layer forms first 
followed by the growth of single-crystal Pb islands 
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FIG. 1: (color online). STM topographic images of flat Pb islands on different substrates, a) metal Cu(lll); island heights 
between 2 and 4 atomic monolayers (ML), b) semiconductor Si(lll)-7x7; 4-7 ML. c) semi-metal HOPG; 7-10 ML. d) metal 
covered by one insulating ML, h-BN/Ni(lll); 6-60 ML. e) metal covered by two insulating MLs, NaCl/Ag(lll). The images 
were obtained with (from a to e) a voltage of 1.0 V, —1.0 V, —0.5 V, —1.0 V, and 3.0 V, and a corresponding tunnel current 
of 0.1 nA, -0.1 nA, -0.1 nA, -0.05 nA, and 0.02 nA. 



Conduction measurements were performed in a home- 
built STM with Ptir tips operated under ultra-high vac- 
uum at a temperature of T = 4.6 K [23^. We focused ex- 
clusively on islands supported by just a single substrate 
terrace such that the electrical contact between the is- 
land and the substrate was essentially uniform across 
the whole contact area. The differential conductance 
was measured in an open feedback loop using a lock- 
in technique with a peak-to-peak modulation voltage 
Vpp between 0.5 mV and 5 mV using a typical cur- 
rent of 1 nA and voltage ranges between [—20, +20] mV 
and [—200, +200] mV. We verified experimentally that 
the conductance spectra are independent of the injected 
power in a range between 10~^^ and 10~^ W. 

Figure |2] displays a selection of differential conductance 
spectra measured on individual Pb islands of varying 
sizes on top of the different substrates. The experimen- 
tal data are corrected for a background contribution due 
to quantum- well states [24, 25 and rescaled by the tun- 
neling resistance Rt between the islands and the STM 
tip such that the normalized spectra approach unity at 
large voltages. The temperature was below the critical 
temperature of bulk lead (Tc = 7.2 K) and one could 
expect the Pb islands to display superconducting prop- 
erties for voltages below the superconducting gap of bulk 
Pb, \eV\/2 < A = 1.3 meV [24]. However, recent exper- 
iments have shown that both Tc and A decrease below 
their bulk values for small systems [23| |26] and super- 
conducting gap features give a negligible contribution to 
the conductance under our experimental conditions. On 
larger voltage scales the quasi-particle transport between 
the islands and their normal-state substrates is the same 
as for islands in their normal-state as we checked by per- 
forming experiments at temperatures above Tc. 

While Fig. [2^ shows that the differential conductance 
for the islands on Cu(lll) essentially remains flat inde- 
pendently of the island size, we observe in Figs, ^-e a 
suppression of the differential conductance at low volt- 
ages which becomes increasingly prominent as the island 
size is decreased. We attribute the low-bias suppres- 



sion to DCB due to the high-impedance electrical contact 
formed between the islands and the substrates. The nor- 
malized differential conductance is reduced below unity 
when the applied voltage eV is smaller than the charg- 
ing energy Ec = e^/Cj], where (7^ is the capacitance of 
the system. The suppression (and the charging energy) 
increases as the islands become smaller. For the islands 
on Cu(lll), the electrical contact has a very low resis- 
tance such that the spectrum essentially is ohmic and in 
this case we ascribe the small features in the spectra to 
the reduced electron-phonon scattering of the quantum- 
well states below the Debye energy c:^ 10 meV of Pb 
[2l[27]. In Figs.[2^-f we show results for Pb islands on 
Ag(lll) covered with 2 and 3 MLs of insulating material 
(NaCl) between islands and substrates. As several insu- 
lating MLs are introduced the spectra begin to display 
qualitatively different features as we explain below. 

Theory. — To understand quantitatively the measured 
conductance spectra, we employ the P(£^)-theory of 
DCB which explicitly incorporates the impedance of the 
electrical circuit in calculations of the current [5 X J8j . 
The total impedance (as seen from the tunnel junction) 
reads Z{uj) = [iujC^-\-Z~J^ {uj)]~^ , where Ct is the capaci- 
tance of the tunnel (tip-island) junction and Zq^{uj) is the 
impedance of the external circuit [7 . In our experiment, 
see inset of Fig. [2^, the impedance of the island-substrate 
contact is Zqx{uj) = l/{iujC + R~^)^ where C (R) is the 
capacitance (ohmic resistance) of the island-substrate 
contact, and we obtain Z{uj) = [iuC^ + 1/R]~^ with 
= C + Ct. The tunneling resistance Rt = 10 MQ - 
1 GQ between STM tip and island is much larger than 
the resistance quantum Rk = h/e"^ 25.8 kl^, which 
justifies a perturbative calculation in the tunnel coupling. 
The DC current then reads 
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FIG. 2: (color online). Differential tunnel conductance spectra. Experimental (thick lines) and theoretical (thin lines) results 
for flat Pb islands of various sizes on different substrates: a) Cu(lll), b) Si(lll)-7x7, c) HOPG, d) 1 ML of h-BN on Ni(lll), 
e) 2 MLs of NaCl on Ag(lll), and f) 3 MLs of NaCl on Ag(lll) (not normalized). The inset of a shows schematically 
the experiment (1) and the corresponding electrical circuit (2) used in b-e. The tip-island junction is characterized by the 
tunneling resistance Rt and the capacitance Ct- The island-substrate contact is modeled as an ohmic resistor R in parallel 
with a capacitor C. Extracted values are indicated together with the island areas in b-e. In f, the tip-island junction and the 
island-substrate contact are both modeled as tunnel barriers (see page 4) 32 . The residual charge on the island is Qo = 0.064e. 



where P{E) is the probability for an electron to emit 
the energy E into the electrical circuit [7]. The P{E)- 
function can be written 
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of the voltage Vt across the tip-island tunnel junction. 
It can be expressed via the total impedance Z{uj) as 
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where J{t) = {[(p{t) — ip{0)](p{0)) is the equilibrium cor- 
relation function of the phase (p{t) = (e/h) dt'VT{t') olution function ^^(e) = 2e(Vpp - |e|), 



which we evaluate analytically [10 . Finally, we con- 
volve the calculated current with the ins trumenta l res- 
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that accounts for the broadening due to the modula- 
tion voltage [29l [3^. The resulting current is then 
Im{V) = JdeI{V^e)gm{e). 

Results. — Figures show calculations of the dif- 
ferential conductance based on Eqs. ([l]-[4|. The fitting 
parameters C and R used for the calculations were in- 
dependently extracted from the experimental data: The 
charging energy Ec is given mainly by C Ct ^ 1 
aF, which determines the width of the differential con- 
ductance suppression. The resistance R determines the 
shape of the curves at small voltages and is adjusted so 
that the theoretical curves best fit the experimental data. 

The theoretical curves are in good agreement with the 
experimental data and show a clear dependence of the 
electrical island-substrate contact on the island area. To 
corroborate our analysis we consider the extracted ca- 
pacitances and resistances as functions of the island ar- 
eas. One would expect that the capacitance (resistance) 
increases with the (inverse) contact area A. This sys- 
tematic behavior is confirmed by Fig. [3j showing that we 
indeed are probing the electrical contact between the is- 
lands and the substrates. For HOPG, BN/Ni(lll), and 2 
ML NaCl/Ag(lll) the capacitance (resistance) depends 
approximately linearly on the (inverse) island area. For 
Si(lll), in contrast, a different behavior is observed: the 
capacitance has a clear off-set value for small islands 
and the resistance is essentially independent of the island 
area. This is due to the wetting layer whose resistance (in 
parallel) mainly determines the current to the electrical 
drain contact and whose capacitance does not depend on 
the island size, giving rise to the off-set at A ~ 0. 

Finally, we turn to the samples with several insulating 
MLs between islands and substrate. Figs. [2^-f. As addi- 
tional MLs are introduced, electron transport between is- 
lands and substrate takes place by tunneling through the 
insulating layers. The islands are then connected both to 
the tip and the substrate via tunneling barriers and the 
orthodox theory of tunneling through a double junction 
applies [31]. According to our analysis this occurs with 
3 or more MLs of NaCl. In Fig. ^ (2 MLs) some de- 
viations between experiment and the theory of DCB are 
already visible for large islands and in Fig. |2]F (3 MLs) 
we calculated the spectra using the orthodox theory • 
The gap is associated with the island-substrate junction 
while the two peaks represent spectral features due to 
the tip-island junction. The asymmetric gaps in Figs. 
[2^,f are due to the fractional residual charge Qo on the 
Pb islands, which shifts the spectra [32]. The controlled 
addition of single insulating MLs opens an interesting ap- 
proach to systematic investigations of asymmetric double 
junctions, similar to recent works on nano-particles cou- 
pled to metallic electrodes [33l |3j . 

Conclusions. — We have used DCB effects to charac- 
terize the electrical contact between metallic nano-islands 
and their supporting substrates in low-temperature STM 
measurements. Our analysis is supported by the system- 




FIG. 3: (color online). Extracted capacitances and resis- 
tances. Circles: Pb/Si(lll). Squares: Pb/HOPG. Triangles: 
Pb/BN/Ni(lll) Diamonds: Pb/2 ML NaCl/Ag(lll). a) Ca- 
pacitances as functions of the island area A. b) Resistances 
as functions of the inverse island area 1/A. Solid lines are 
guides to the eye. 

atic area-dependence of the capacitances and resistances. 
The present work facilitates quantitative investigations 
of electrical nano-contacts and is important for future 
studies of the physical and chemical properties of sup- 
ported nano-structures in relation to superconductivity, 
magnetism, and catalysis. 
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